Abstract. The aim of the present study was to investigate in vivo the feasibility and efficacy of the combination of lonidamine (LND), 6-diazo-5-oxo-L-norleucine (DON) and orlistat to simultaneously target glycolysis, glutaminolysis and de novo synthesis of fatty acids, respectively. The doses of LND and DON used in humans were translated to mouse doses (77.7 mg/kg and 145.5 mg/kg, respectively) and orlistat was used at 240 mg/kg. Three schedules of LND, DON and orlistat at different doses were administered by intraperitoneal injection to BALB/c mice in a 21-day cycle (schedule 1: LND, 0.5 mg/day; DON, 0.25 mg/day 1, 5 and 9; orlistat, 240 mg/kg/day; schedule 2: LND, 0.1 mg/day; DON, 0.5 mg/day 1, 5 and 9; orlistat, 240 mg/kg/day; schedule 3: LND, 0.5 mg/day; DON, 0.08 mg/day 1, 5 and 9; orlistat, 360 mg/kg/day) to assess tolerability. To determine the antitumor efficacy, a syngeneic tumor model in BALB/c mice was created using colon cancer CT26.WT cells, and a xenogeneic tumor model was created in nude mice using the human colon cancer SW480 cell line. Mice were treated with schedule 1. Animals were weighed, clinically inspected during the experiment and the tumor volume was measured at day 21.
Introduction
Cancer cells commonly exhibit a malignant metabolic phenotype, which is characterized by increased rates of glycolysis, glutaminolysis and de novo synthesis of fatty acids (FAs) compared with normal cells. These metabolic alterations result from diverse gain-of-function mutations in oncogenes and loss-of-function of tumor suppressor genes, which aid cancer cells to thrive under various environmental conditions (1) .
Glucose and glutamine supply the majority of the necessary carbon and nitrogen for the synthesis of macromolecules, energy and reducing equivalents to support cell growth through glycolysis and glutaminolysis (2) . Lipogenesis is a third metabolic feature of cancer. In general, malignant cells synthetize de novo FAs instead of taking them up from the circulation, and malignant cells frequently overexpress FA synthase (FASN) (3) . For de novo synthesis of FAs, glucose and glutamine supply citrate. Glucose is converted to acetyl-coenzyme A (CoA) in the mitochondrial matrix to synthesize citrate in the tricarboxylic acid (TCA) cycle, whereas glutamine supplies carbon in the form of mitochondrial oxaloacetate to maintain citrate production in the first step of the TCA cycle (4) . Thus, the metabolism of glutamine and glucose is orchestrated to support the production of acetyl-CoA and NADPH required for fatty acid synthesis (4) .
Despite the strong rationale for developing a combination of drugs to simultaneously target these three key processes in malignant cells, to the best of our knowledge, there is Feasibility and antitumor efficacy in vivo, of simultaneously targeting glycolysis, glutaminolysis and fatty acid synthesis using lonidamine, 6-diazo-5-oxo-L-norleucine and orlistat in colon cancer DIANA (6) . Among these, orlistat has shown promising activity in a number of malignancies due to its ability to inhibit FASN, which is responsible for the de novo synthesis of FA (7, 8) . It was previously reported that LND, DON and orlistat inhibit cell viability in a number of human cancer cell lines, and that these drugs are synergistic in vitro (9) . The present study demonstrated that this triple combination is feasible and effective against tumor models in mice. 
Materials and methods

Cell
Doses.
To investigate whether the combined administration of these drugs was clinically feasible and following assessment of existing pharmacokinetic data in clinical studies of LND and DON (5), the human doses of LND and DON used in clinical trials were translated to mouse doses using the formula: Mouse equivalent dose=human dose (mg/kg) x human K m /mouse K m , where the human and mouse K m was 37 and 3, respectively, as reported by Reagan-Shaw et al (10) . As shown in Table I , the human doses of LND and DON, each used as a single agent, were as follows: 450 mg/daily (6.3 mg/kg day assuming a 70 kg patient) for LND and a 480 mg/m 2 DON total dose (divided between days 1, 2 and 3). DON is prescribed in humans by m 2 ; therefore this dose was first converted to mg/kg by assuming 1.7 m 2 of body surface area, which results in 825 mg/70 kg=11.8 mg/kg. Thus, using these human doses to calculate the doses for mice weighting 20 g, three different schedules were administered (Table I) . For orlistat, which is used systemically in cancer models, there exists only preclinical information, and in the majority of cases it is used at 240 mg/m 2 in mice (7, 8) . Therefore, this dose was used in schedules 1 and 2, but a dose of 360 mg/m 2 was used in schedule 3 to gain insight into its tolerability beyond common doses used in mice.
Tolerability of the triple combination in vivo.
To study these schedules of the triple combination that are tolerable when injected into healthy mice, groups of 6-week-old BALB/c female mice (6 mice per group, 36 mice in total; Harlan Laboratories, Mexico City, Mexico) were treated with the triple combination of LND, DON and orlistat for a 21-day cycle. Mice were allowed to acclimatize for 1 week and kept in a 12:12 light-dark cycle with access to food and water ad libitum. The three treatment schedules are shown in Table I . The three drugs were intraperitoneally administered, with at least 3 h between each injection and careful skin disinfection to avoid infectious peritonitis. The total volume of injection was <20 µl for each drug. The control group was injected with the vehicle of each drug, at identical volumes to the treatment groups. Mice were weighed and clinically inspected on days 0, 5, 9, 15 and 19.
Antitumor effect of the triple combination in vivo in a syngeneic model. Six week-old BALB/c female mice (6 mice per group, 12 in total) were obtained from Harlan Laboratories. Mice were allowed to acclimatize for 1 week prior to starting the experiments. Housing conditions included access to food and water ad libitum in a 12:12 light-dark cycle. Handling was performed inside a laminar flow cabinet, and a total of 4x10 5 CT26.WT cells were injected in one flank. The treatment commenced 2 weeks subsequent to inoculation, when the tumors measured ~100 mm 3 . The treatment consisted of intraperitoneal injection of 0.5 mg LND daily (total dose), 0.25 mg DON on days 1, 5 and 9 (total dose, 0.75 mg), and 240 mg/kg orlistat daily, which constituted schedule 1 of the tolerability experiment, in a cycle of 21 days. Drug administration was performed as aforementioned. Animals were weighed, clinically inspected and tumors were measured with electronic calipers, and the tumor volume was estimated using the formula axb 2 x(π/6)=V (mm 3 ), where a is the major diameter, b is the minor diameter and V is the volume. At the end of treatment the mice were sacrificed in a CO 2 chamber and necropsied. Tumors were dissected and weighed. Visual inspection of major organs was performed.
Antitumor effect of the triple combination in an allogeneic model. Two groups six-week-old BALB/c nu/nu female mice, with 6 mice per group, were obtained from Harlan Laboratories. Acclimatization, housing, feeding and manipulation were performed as aforementioned. Nude mice were injected with 1x10 6 SW480 cells in each flank (total dose, 2x10 6 cells). The treatment was started 2 weeks subsequent to inoculation, when the tumors were ~250 mm 3 in size. The treatment consisted of intraperitoneal injection of 0.5 mg LND daily (total dose), 0.25 mg DON on days 1, 5 and 9 (total dose, 0.75 mg) and 240 mg/kg orlistat daily in a 21-day cycle, which constituted schedule 1 of the tolerability experiment. Drug administration was performed as aforementioned. Animals were weighed, clinically inspected and tumors were measured with electronic calipers, and the tumor volume was estimated using the formula axb 2 x(π/6)=V (mm 3 ), where a is the major diameter, b is the minor diameter and V is the volume. At the end of treatment the mice were sacrificed in a CO 2 chamber and necropsied. Tumors were dissected and weighed. Visual inspection of major organs was performed.
Ethics statement. All animal studies were designed to reduce the suffering of the animals, and were performed in Statistical analysis. Data are presented as the mean ± standard deviation. Statistical differences in weight among the groups of mice treated with different schedules were evaluated using analysis of variance, and the tumor volumes at each time and the final weight of the tumors between the control and treated groups were evaluated with paired Student's t-test. Statistical analyses were conducted using SPSS (SPSS, Inc., Chicago, IL, USA).
Results
Tolerability in vivo.
Previous results from our laboratory (9) showed that in vitro treatment with the combination of LND, DON and orlistat is highly synergistic and has increased antitumor effects compared with treatment with each drug alone. Additionally, it was found that total doses of 0.25 mg LND and 0.25 mg DON plus 240 mg/m 2 orlistat are well tolerated in mice. To confirm these results, additional doses were tested using the human equivalent dose in mice as a reference, as shown in Table I . The three schedules tested were shown to be well tolerated. There was a transient decrease in weight during the first 9 days of treatment, but weight was recuperated by day 19. No statistically significant differences were found (P=0.788; Fig. 1 ). Mice showed no hair frizzing or hypoactivity. No other clinical signs of toxicity were observed.
Antitumor effects in the syngeneic model. Based on these results, schedule 1 was chosen (total doses of 0.5 mg LND daily and 0.75 mg DON divided over three days). The treatment was well tolerated and tumor volumes (P=0.0455) and tumor weights (P=0.0005) were significantly lower in the treated animals; however, animals in the control group showed marked hypoactivity, hair frizzing and weight loss after day 10. Therefore, animals were sacrificed at day 14 ( Fig. 2A and B) .
Antitumor effects in the allogeneic model. Treatment with schedule 1 was also well tolerated in the nude mice injected with the human colon cancer SW480 cell line. Total weight was not significantly different between the two groups, and no evident signs of toxicity were noted. However, tumor volumes were >2-fold lower in the treated animals and showed extensive areas of necrosis. As shown in Fig. 3A and B, curves of volume began to separate between day 4 and the end of treatment (P= 0.0351), and the tumor weights were significantly decreased in the treated animals (P=0.0002).
Discussion
The results of the present study show that the systemic administration of a pharmacological combination of inhibitors of glycolysis, glutaminolysis and the de novo synthesis of FAs is not only well tolerated, as demonstrated by no changes in body weight and no evident signs of toxicity, but that exerts antitumor effects in syngeneic mice injected with a murine colon carcinoma and in nude mice bearing human colon carcinoma cells.
The three most common, or at least most studied, metabolic alterations of cancer cells are glycolysis, glutaminolysis and the de novo synthesis of FAs (1-3) . The increased activities of these pathways are therefore natural targets to attack the malignant metabolic phenotype. However, antitumor strategies targeting the malignant metabolic phenotype attempt to target these processes separately (11) (12) (13) .
A number of preclinical studies using drugs to target these pathways demonstrate that they are effective (14-17). Among glycolytic inhibitors, a number of drugs are being evaluated in The dose translation between humans and mice was calculated using the formula by Reagan-Shaw et al (10) . A fixed weight of 20 g for mice and 70 kg for humans was used for calculations. DON is prescribed in human by m 2 , therefore it was first converted to mg/kg, assuming 1.7 m 2 of body surface area, which resulted in 825 mg/70 kg=11.8 mg/kg. LND, lonidamine; DON, 6-diazo-5-oxo-L-norleucine. Figure 1 . Tolerability of three schedules of lonidamine, 6-diazo-5-oxo-L-norleucine and orlistat administration in BALB/c mice. Groups of 6 mice were treated with schedules 1, 2 and 3, as shown in Table I , by intraperitoneal injection. The control group received vehicle treatment only. The mice had no significant differences in weight loss between the groups (P= 0.788) and no signs of toxicity were exhibited.
experimental systems, as reviewed by Ganapathy-Kanniappan and Geschwind (14) . However, only LND, 2-deoxy-D-glucose and dichloracetate have reached clinical trials, with modest results as single agents or in combination with chemotherapy or radiation (15) (16) (17) . In particular, LND, the HK-II inhibitor used in the present study has been widely investigated for the treatment of solid tumors with encouraging results in phase II-III trials for the treatment of advanced breast, ovarian and lung cancer (15) . Regarding glutaminolysis inhibitors, the 3 diazo analogs of L-glutamine, azaserine, DON and azotomycin, showed clinical antitumor activity (18), but have not been further studied, with the exception of DON, which was used with recombinant glutaminase and showed promising results (19) . Newer selective agents against glutaminase are being developed. One of these new agents, CB-839, has recently entered into clinical trials (ClinicalTrial.gov identifiers NCT02071862, NCT02071888 and NCT02071927). No clinical trials in cancer have been undertaken with FASN inhibitors. Among FASN inhibitors, orlistat shows promising activity in vitro and in vivo in a number of malignancies due to its ability to inhibit FASN, which is responsible for the de novo synthesis of FAs (8) .
To the best of our knowledge, no preclinical studies have been performed using a drug combination concurrently targeting these 3 metabolic alterations beyond our previous study (9) . The most similar study was reported in 1993, in which the combination of DON and 2-deoxy-D-glucose led to marked inhibition of glutamine oxidation and glycolysis, which was accompanied by increased cytotoxicity against the human myeloid TPH-1 cell line and freshly cultured myeloid blast cultures obtained from a patient (20) . Thus, the results of the present study support the hypothesis that the pharmacological blockade of the three main metabolic pathways is feasible and exhibits antitumor activity.
The results of the present study regarding the doses and schedule used may be observed as an approximation only. In regard to orlistat, no preclinical pharmacokinetic studies have been reported. Effective antitumor doses in vitro are between 25 and 100 µM (8) and when used in mice, the most frequently administered dose is 240 mg/kg. Kridel et al (7) reported peak blood levels of orlistat to be ~10 µM 2 h subsequent to a single intraperitoneal administration at 155 mg/kg in mice (7). These results suggest that at 240 mg/kg, therapeutic effective dose could be achieved in plasma; however, this must be confirmed by pharmacokinetic studies. Notably, new formulations of micellar nanoparticles of orlistat for cancer treatment are in development (21) , as the systemic levels of orlistat used orally for obesity are <10 ng/ml (0.02 µM) due to its poor absorption (22) . For determining the dose of LND and DON used in mice, the human dose (10) was translated to a mouse dose, which is also an approximation. However, pharmacokinetic analyses of the 3 drugs should be performed to corroborate the appropriateness of the doses and to determine potential pharmacokinetic interactions among them. It should be noted that the doses used here for LND and DON are well below those used in published preclinical trials (5) . Thus, in the 3 schedules, doses of 25, 5 and 25 mg/kg LND were used compared with 50 and 100 mg/kg in the literature (23, 24) . Similarly, doses of 36.2, 72.5 and 12.6 mg/kg DON were used, whereas in the literature the mean dose is 15.03 mg/kg (range, 0.02-100 mg/kg), with a mean of 13 days (range, 9-28 days) of administration in a 28-day cycle (25) . The present data suggest that the strong synergy observed in vitro at drug concentrations well below those used separately (9) could also occur in vivo. It also should be noted that the combination was effective in the syngeneic (and low tumor burden) and allogeneic (and high tumor burden) groups, suggesting that this treatment is effective in murine and human colon carcinomas, as well as in low and high tumor burdens. This was not unexpected, since metabolic reprogramming in the tumor use of glucose, glutamine and FAs, to different extents, is a common feature of cancer cells.
In summary, the present results support the hypothesis that targeting cancer metabolism by simultaneously inhibiting 3 key metabolic pathways may actually have a wide therapeutic window (26) , as no unacceptable effects in mice were observed when treated at translated doses slightly below to those used in patients for LND and DON administered separately. Notably, DON and LND are drugs that are currently being re-studied (27) (28) (29) , while formulations of orlistat suitable for systemic administration have been investigated (19) . Thus, triple pharmacological metabolic blockade of the malignant phenotype appears feasible and promising for cancer therapy. However, despite the target inhibition of the three drugs used here being strongly demonstrated in other preclinical models (5, 6) , additional studies are required to confirm whether the triple metabolic blockade with this drug combination changes the rate of oxidation of glucose, glutamine and fatty acids in tumors.
